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Introduction
Childhood linear growth faltering continues to be an important problem in more marginalized regions of the developing world where children are exposed to a wide range of infectious diseases and have inadequate diets. Micronutrient deficiencies may significantly contribute to such growth faltering, as strong associations between single or multiple micronutrient deficiencies and stunting have been reported (Allen, 1993; Rosado, 1998; Viteri and Gonzalez 2002) . However, supplementation with specific micronutrients in randomized clinical trials has not always found a consistent effect (Bhandari et al., 2001) . Zinc supplementation has been found to be associated with significant improvements in linear and ponderal growth by Brown et al. (2002) in their meta-analysis of zinc supplementation trials. In contrast, Ramakrishnan et al. (2004) reported that vitamin A and iron supplementation did not improve child growth in a meta-analysis. The lack of effect for specific single micronutrient supplements may be because of the simultaneous presence of multiple micronutrient deficiencies that interact synergistically to produce stunting (Rosado, 1999) . Such an interaction operates between zinc and vitamin A, as zinc status affects the transport and metabolism of vitamin A (Mobarhan et al., 1992; Christian and West 1998) .
The contrasting and inconsistent effect of different micronutrients may also result from the effect supplementation has on parasite infections, an important cause of growth inhibition in young children (Underwood and Arthur 1996; Moore et al., 2001; Checkley et al., 2003) . Vitamin A deficiency, for example, is associated with the presence of Ascaris lumbricoides eggs, whereas supplementation is associated with reductions in both Ascaris and the number of Plasmodium falciparum febrile episodes (Curtale et al., 1994; Shankar et al., 1999) . Similarly, low plasma zinc concentrations are associated with increased parasite survival and high parasite density, whereas supplementation significantly reduces P. falciparum parasitemia (Scott and Koski, 2000; Shankar et al., 2000; Duggan et al., 2005) . Olsen et al. (2003) also reported that supplementation with multiple micronutrients significantly decreased Schistosoma mansoni reinfection rates. The reduction in parasite disease burden and infection rates associated with supplementation may lead to decreased micronutrient malabsorption, reduced malnutrition and, consequently, reduced growth retardation (Mahalanabis et al., 1979; Schorling et al., 1990) . These findings suggest that the indirect effects of supplementation on parasite outcomes and subsequent micronutrient malabsorption among children might explain the inconsistencies found in supplementation trials.
Few studies have addressed how gastro-intestinal parasite infections may modify the effect that micronutrient supplementation has on growth. The focus on such modulating effects may clarify the mechanisms that underlie the relationship between supplementation and growth. The objective of this study was to evaluate the impact of vitamin A and zinc supplementation on growth among children of 5-24 months of age, infected and noninfected with gastrointestinal parasites.
Participants and methods
This study involved young children living in La Magdalena Atlicpac, a community located along the eastern periphery of Mexico City in the state of Mexico. Community health workers identified eligible children by carrying out a census of all children of less than 2 years of age living within the community. Eligible children were those between 5 and 24 months of age, whose parents had given informed consent. Children were excluded from the study if they had such clinical indications of immuno-suppression as candidiasis, infections or had any alteration of the digestive tract that affected micronutrient absorption such as chronic diarrhea, or were taking vitamin, iron or zinc supplements.
Once the parents of eligible children had given informed consent for their participation, they were randomly assigned to one of four treatment groups for 1 year: a vitamin A group that received 20 000 IU of retinol every 2 months for children p1-year old or 45 000 IU for children 4 1-year old; a zinc group that received a daily dose of 20 mg of elemental zinc as zinc methionine; a vitamin A þ zinc group that received both supplements as above; and a placebo group. All treatments were administered to the children for 1 year.
The randomization sequence was generated using a random-number table by project personnel based at the National Center for the Health of Infants and Adolescences of Mexico (CENSIA), a division of the Mexican Ministry of Health. Personnel at the National Institute of Nutrition, who were not involved in the recruitment of children, prepared and packaged the supplements in consecutively numbered, color coded, opaque plastic droplet bottles to ensure that field personnel and the principal investigator were blinded. A single-water miscible solution was given to all children on a daily basis. The solution given to children in the zinc group, as well as to those in the vitamin A and zinc groups, contained the daily zinc supplement. The same solution contained the vitamin A supplement to be given every 2 months for children in the vitamin A and zinc groups, whereas the solution for children in the vitamin A group contained the vitamin A supplement but did not contain zinc. Children in the placebo group received a daily solution that contained neither zinc nor vitamin A. During the followup period, field personnel administered the solution containing the respective supplements twice a week to all children and left enough bottles with the mother or caregiver with instructions on how to administer the solution for the remaining days. Compliance to the supplementation regimen was determined weekly when project personnel collected bottles left with mothers. The study was approved by the ethical review committee from CENSIA.
Morbidity and parasite infections
Standardized, previously validated morbidity questionnaires were administered twice a week to mothers (Kalter 1992) . Project supervisors and the study physician accompanied approximately 5% of all household visits to ensure quality of data collection. Stool samples were collected once a month or on three successive days by project personnel after a report of a diarrheal episode in children. The Kato-Katz technique was used by personnel in the laboratory of the Hospital La Perla located in Netzahualcoyotl City to identify A. lumbricoides eggs, whereas a direct smear of feces was used to identify cysts and trophozoites of protozoa stained with trichrome (Martin and Beaver, 1968 ). An infection by Giardia duodenalis, Ascaris lumbricoides or Entamoeba spp. was defined as stool positive for eggs or cysts of the given parasite.
Anthropometry
Project personnel obtained duplicate weight and length measurements from each child at the first household visit and once a month thereafter, using calibrated methods and standardized techniques (Habicht et al., 1974) . Weight was obtained using a calibrated hanging spring scale (Salter Ltd, West Bromwich, UK) with a precision of 100 g while undressed or wearing light clothing. Their supine length was measured to within 1 mm using a rigid measuring board. Project personnel were trained in the determination of these measurements at the beginning of the study. Quality control of measurements was maintained through calibration of instruments, through frequent standardization exercises in the community clinic and through field replications.
Data analyses
Children were eliminated from the analysis if they did not fall between the ages of 5-24 months at baseline, if they had less than five anthropometric measurements or if no stool samples were collected from them. Independent sample t-tests or w 2 tests were used to determine whether there were significant differences between removed and analyzed cases in terms of age, sex, treatment and socioeconomic variables. Height-for-age z-scores (HAZ) were calculated in Epi-Info (v.3.3.2) using 2000 CDC reference curves (Kuczmarski et al. 2002) . The analyzed outcomes were growth velocity and HAZ improvement, defined as the regression slope (b 1 ) for each child's height and HAZ regression equations:
Multiple linear regression analysis adjusted for age and sex was carried out to determine the effect of each treatment on growth rate and on HAZ improvement. Vitamin A and zinc treatment effects were included in the models in a factorial design; groups that received zinc (zinc and zinc þ vitamin A) were compared with those that did not receive zinc (vitamin A or placebo) and groups that received vitamin A (vitamin A and vitamin A þ zinc) were compared with groups that did not receive vitamin A (zinc and placebo). The interaction of vitamin A and zinc was included but was not significant; therefore it was not necessary to generate additional models using the original four study arms. The interaction among each of these factorial groups and infections by G. duodenalis, A. lumbricoides and Entamoeba. spp. was included in the model to test whether treatment effect was modified by each of these parasites. Statistical significance was set at a probability level of o0.05, or o0.10 for interactions. Additional ANOVA analyses were carried out using the same models to obtain adjusted mean values for the significant interactions and to create plots to illustrate these interactions. Further analyses were then stratified by specific parasite infections (present or absent) and age of children, using the median cutoff value of 12 months. All analyses were conducted by intention-to-treat. Children's individual slopes were created using Stata 8 (STATA Corp., College Station, TX, USA), and statistical analysis was performed with SPSS for Windows (v10; SPSS Inc., Chicago, IL, USA).
Results
Children were recruited from January of 2000 to January of 2001 with follow-up completed in May of 2002. A total of 592 children were included in the final analysis (Figure 1 ). There were no significant differences between analyzed and removed cases in age, sex, treatment and socioeconomic variables.
The characteristics of children at baseline by a treatment group are shown in Table 1 . Nineteen percent of children were stunted, whereas only 8.6% were of low weight-for-age. G. duodenalis was the parasite isolated most frequently from stools of study children, with 48% of children infected at least once with this parasite during the study period. The proportion of children infected at least once with A. lumbricoides or Entamoeba. spp. was approximately 32 and 15%, respectively.
No significant interaction between vitamin A and zinc supplementation was found in any of the analyses. The main effect of zinc supplementation was found to be positive and significant for the HAZ score in all regression models, with the exception of the model for E. spp. (Table 2 ). There was also a significant main effect of supplementation with vitamin A in the model for any parasite infection. Significant negative interactions of the same magnitude were found between zinc supplementation and all parasite infections combined, specifically for A. lumbricoides and G. duodenalis infections. These findings are illustrated by the ANOVA analysis in which, for example, the mean increase in the HAZ score was significantly less among zinc-supplemented children infected with A. lumbricoides or G. duodenalis than among noninfected supplemented children (Figures 2  and 3 ). There was also a significant interaction between vitamin A supplementation and all parasite infections combined; however, there were no interactions between vitamin A and specific parasites.
The effect of supplementation on growth velocity, meaning the slope of height measurements, among infected and noninfected children was very similar in direction and significance to the effects found for HAZ scores. Significant increases in the coefficients for growth velocity were found among zinc-supplemented children for the same parasites and among vitamin A-supplemented children infected with any parasite (Table 3 ). There were again significant negative interactions of the same magnitude between both vitamin A and zinc and parasite infections, which, in the ANOVA analysis, resulted in a lower growth velocity of zincsupplemented children infected with A. lumbricoides or G. duodenalis compared with that in noninfected supplemented children (Figure 3 ).
Discussion
We found positive main effects of zinc and vitamin A supplementation on growth among children living in periurban communities of Mexico City, using two different indices of growth. However, we have also found lower growth among supplemented children stratified by specific parasite infections. Vitamin A and zinc-supplemented children infected with any parasite and zinc-supplemented children infected with either A. lumbricoides or G. duodenalis had significantly lower growth than did noninfected children. The similar findings in the analysis of z-scores Interaction of zinc, vitamin A and parasites in growth JL Rosado et al Table 1 Characteristics of children included in growth analysis at baseline by treatment group. and growth velocity suggest that the effect of supplementation on childhood growth may depend on the type of parasite that is infecting the child. The beneficial effect of zinc supplementation on growth in our study agrees with previous findings. Brown et al. (2002) , in their meta-analysis of 33 randomized controlled trials, reported an overall average effect of supplemental zinc on growth. In this study, there was important heterogeneity in length changes in the analysis because of the presence of stunting, with a greater effect found among children who were initially stunted, whereas less or no effect was found among nonstunted children. A study by Rosado et al. (1997) found no significant overall effect of zinc supplementation on growth of Mexican children, possibly as a consequence of the low prevalence of both zinc deficiency and stunted children. In our study, 14% of the children were stunted. Initial height-for-age values were found to have a significant inverse effect on subsequent growth rates and hence were treated as a cofounder in our analysis.
In contrast, the main effect of vitamin A supplementation on growth in our study is less consistent with findings of previous trials. Vitamin A deficiency has been associated with short stature in a number of cross-sectional studies. A study by Muhilal et al. (1988) also found that children in villages receiving MSG fortified with retinol in a controlled trial had significantly improved linear growth compared with children from villages not receiving the fortified product. However, a number of other randomized, placebocontrolled intervention trials carried out in developing countries have failed to find a consistent improvement in growth among vitamin A-supplemented children who are less than 2 years of age (Ramakrishnan et al., 1995; Kirkwood et al., 1996) . Sommers and West (1996) suggested that vitamin A is only likely to impact growth among children who are extremely vitamin A deficient.
The modifying effect of parasite infections on the association between supplementation and growth has not been a focus of previous studies. Recurrent infections by intestinal parasites can have long-term effects on overall growth among young children, and hence may be an important cause of such stunting (Checkley et al., 1998; Berkman et al., 2002) . This effect may result from the malabsorption of nutrients that occurs during parasite infections and during diarrhea episodes associated with infections. Giardiasis, for example, has been associated with a decrease in energy and zinc absorption (Valencia et al., 1995; Moya-Camarena et al., 2002) . Giardiasis is associated with steatorrea as well, which may reduce the absorption of vitamin A (Solomons 1982) . A number of studies have also found a reduction in carbohydrate or protein absorption in children infected with A. lumbricoides (Northrop et al., 1987; Linklater et al., 1991) . The significantly slower growth found in our study among vitamin A-supplemented children infected with any parasite and among zinc-supplemented children infected with A. lumbricoides or G. duodenalis may result from such malabsorption. Malabsorption has not been reported for Entamoeba spp. infections, which may explain the lack of an association between zinc supplementation and growth among Entamoeba spp.-infected children. Differences in absorption by Entamoeba spp. and G. duodenalis may result from a difference in the site of infection by these two organisms. G. duodenalis preferentially infects the small intestine in which absorption primarily occurs, whereas Entamoeba spp. mainly infects the large intestine in which absorption is minimal (Lane and Lloyd 2002; Stanley, 2003) .
The beneficial main effects of zinc and vitamin A supplementation on growth, which contrasts with the negative effects of supplementation among parasite-infected children, are similar to the paradoxical results reported by Hadi et al., 1999; . This study found that high-dose vitamin A supplementation improved the linear growth of children with little or no burden of respiratory infections, but had no effect on growth among children with a heavy burden of respiratory infections. Similarly, we have reported in a previous paper, the lack of an effect of vitamin A supplementation on the burden of infection and prevalence of these three gastro-intestinal parasites, whereas zinc supplementation may actually increase the burden and prevalence of A. lumbricoides infections (Long et al., 2007) . The results of supplementation on growth in our study may be because of the effects vitamin A and zinc have on the prevalence of specific pathogen infections, which then leads to different effects on linear growth.
There are a number of immunological and physiological mechanisms that may underlie the efficacy of vitamin A and zinc supplementation on growth found in our study. The overall association between supplementation and growth may result from the effects micronutrients have on the growth hormone/insulin-like growth factor system, as growth is regulated by this axis. Vitamin A and zinc deficiencies are associated with a reduced plasma concentration of growth hormone, whereas supplementation with either is associated with increased growth hormone or insulin-like growth factor-I concentrations (Evain-Brion et al., 1994; Ninh et al., 1996) . Associations between supplementation and growth among parasite-infected children may result from the effects these micronutrients have on components of the immune response that protect against parasite infections. Zinc, for example, downregulates the T-helper type 2 response that is important in regulating the immunoglobulin E-mediated expulsion of helminths and the mucosal immunoglobulin A-mediated protection against Giardia infection onset (Langford et al., 2002; Turner et al., 2003; Houpt et al., 2004) . The burden of helminth and Giardia infections among supplemented children may increase, as a result, leading to slower growth. Increased burden may also result in a greater excretion of Helminthembryonated eggs and Giardia cysts into the environment, thus increasing the risk of reinfection and further slower growth.
Two limitations of our study need to be addressed. We had no biochemical indicators of the initial vitamin A and zinc status of children. As a result, it was not possible to determine whether deficient children may have benefited more, whereas nondeficient and marginally deficient children may have benefited less. The National Nutrition Survey carried out in Mexico in 1998 reported that 37% of the children from this region of Mexico City had low serum retinol levels between 0.35 and 0.70 mmol/l, whereas 36% of these children were zinc deficient (o 10 ìmol/l) (Rivera Dommarco et al., 2001) . However, the modifying effects of parasite-specific infections that we have found on the association between supplementation and growth suggest that deficient children may not be simply benefiting more from micronutrient supplementation and that helminth removal should be the first priority. A second limitation of this study may result from not including any measures of inflammation. Children with gut parasites are at a greater risk of infectious disease and inflammation, which can reduce the utilization of dietary vitamin A and iron. As a result, the modifying effect of parasite infections that we have found may actually reflect confounding due to inflammation.
Overall, we have found that the effect of zinc supplementation on growth is modified by specific parasite infections and that the effect of vitamin A on growth is lower in children infected by any parasite. These results suggest that there may be an important heterogeneity in the linear growth of supplemented children because of the modifying effects of specific parasite infections. If further study confirms that different parasites modify the effects of specific micronutrients on growth, then cost-effective public health programs should be designed, which take into account the prevalence of such parasites in specific communities. Such efforts most likely would involve linking preexisting micronutrient supplementation programs more closely with parasite eradication programs. 
